Abstract: Surface encrustation by minerals, which impedes cellular metabolism, is a potential hazard for microbes. The reduction of U(VI) to U(IV) by Shewanella oneidensis strain MR-1 leads to the precipitation of the mineral uraninite, as well as a non-crystalline U(IV) product. The wild-type (WT) strain can produce extracellular polymeric substances (EPS), prompting precipitation of U some distance from the cells and precluding encrustation. Using cryo-transmission electron microscopy and scanning transmission X-ray microscopy we show that, in the biofilm-deficient mutant ∆mxdA, as well as in the WT strain to a lesser extent, we observe the formation of membrane vesicles (MVs) as an additional means to lessen encrustation. Additionally, under conditions in which the WT does not produce EPS, formation of MVs was the only observed mechanism to mitigate cell encrustation. Viability studies comparing U-free controls to cells exposed to U showed a decrease in the number of viable cells in conditions where MVs alone are detected, yet no loss of viability when cells produce both EPS and MVs. We conclude that MV formation is a microbial strategy to shed encrusted cell surfaces but is less effective at maintaining cell viability than the precipitation of U on EPS.
Introduction
Microbes living in an environment containing metals are exposed to biotic and abiotic reactions that can result in nucleation of minerals on their outer surface [1, 2] . Excessive mineral formation on the cell surface can lead to complete cell encrustation, potentially impeding cellular metabolism and limiting the microbe's capacity to interface with its environment. Nonetheless, certain microbes are intricately involved in iron [3] [4] [5] and manganese [6, 7] oxidation, as well as the reduction of a variety of metals and metalloids, all of which lead to mineral formation [8] . How cellular encrustation is avoided or mitigated is not well characterized, but it is vital to complete our understanding of microbial metal cycling.
A number of mechanisms to minimize encrustation have been identified primarily for Fe(II)-oxidizing bacteria [9] and include the localization of metal sorption or precipitation on extracellular structures some distance for the cells [2, 10] , the solubilization of minerals by modifying the pH microenvironment around the cell [2, 11] , and/or altering surface charge properties [12, 13] . These microorganisms are likely to employ a combination of these strategies to prevent encrustation.
In contrast, there is no clear mechanism for preventing membrane encrustation in metal-reducing microorganisms reducing U, such as Shewanella oneidensis strain MR-1 or Geobacter sulfurreducens [14, 15] .
Here, we use a model system whereby S. oneidensis can be induced to sequester hexavalent uranium [U(VI)] as a result of reduction to tetravalent uranium [U(IV)] [16] . Depending on the chemical composition of the medium used, the immobilized U product can be either a non-crystalline U(IV) species associated with phosphate groups on biomass [17, 18] , or a biogenic uraninite (bio-UO 2 ) species that is compositionally approximately 50% crystalline UO 2 [a nanocrystalline U(IV) oxide] and 50% non-crystalline U(IV) [16, 19] . Previous work has shown that in the case of non-crystalline U(IV), a biological response to U occurs, triggering the production of extracellular polymeric substances (EPS). EPS modulates the U product and has a protective effect on cellular viability by allowing the accumulation of U some distance from the cell [20] . In contrast, where bio-UO 2 is produced, U product precipitates primarily on the cell surface and can lead to complete cell encrustation, resulting in a loss of cellular viability [20] .
Membrane vesicles (MVs) originating from Gram-negative bacteria are spherical structures compositionally similar to the outer membrane from which they are formed [21, 22] . As MVs form blebs through increased positive curvature of the outer membrane, they encapsulate the periplasm so that once released, they become independent membrane-bound vessels capable of delivering periplasmic contents [23] . MVs have been implicated in a myriad of biological roles [21] . Offensively, MVs can be used to deliver and disseminate bacterial products to the environment. Examples include delivery of adhesin proteins [24, 25] , hydrolytic enzymes [26] [27] [28] [29] , quorum-signaling molecules [30, 31] , and genetic material [32, 33] . Defensively, MVs can be used to promote bacterial survival. They are found as components of biofilm matrices [34, 35] , can export unwanted host immune response and antibiotics [36, 37] , and are generated as a response to envelope stress [38] . Mineralized vesicles have also been identified in a number of environments from hot springs [39] , in acid mine drainage [40] , and in the laboratory [41] .
In this work, we examined the role of MVs in shedding biomineralized outer membranes and preserving cell viability through the elimination of cell encrustation. We used cryogenic transmission electron microscopy (cryo-TEM) and scanning transmission X-ray microscopy (STXM) to investigate the formation of MVs in wild-type cells producing either bio-UO 2 or non-crystalline U(IV), as well as in an EPS-impaired S. oneidensis mutant, ∆mxdA. Our results show that MV formation benefits the cells to some extent for the preservation of viability in cells challenged with U. MV formation occurred in all the above conditions, but varied in the degree of abundance of the MV. Hence, we conclude that membrane vesicle formation in S. oneidensis is a novel strategy for shedding encrusted cell surfaces.
Results and Discussion

Results
U Associated with Both EPS and MV in Wild-Type Strain MR-1 Producing Non-Crystalline U(IV)
The association of U with the outer membrane and with extracellular material is evident in the case where non-crystalline U(IV) is produced ( Figure 1 ). U(IV) product speciation was confirmed ( Figure 2 ) as primarily non-crystalline U(IV) by a chemical extraction technique developed in our laboratory [19] . At low U(VI) loadings or in the early stages of U reduction, cells display a discrete distribution of U(IV) on their surfaces, suggesting localized reduction of U(VI) (Figure 1a ). Previous studies show that U accumulates primarily extracellularly, in large swaths of lipid and polysaccharide-rich extracellular polymeric substances (EPS) [16, 20] . Here, we show that in addition to EPS localization (Figure 1c,d ), U accumulates on the outer membrane and on membrane vesicles (Figure 1a,b) . In Figure 1a , MVs (indicated by arrows) are embedded in abundant hair-like, electron dense material corresponding to U(IV). Similarly, in Figure 1b , MVs are observed away from the cell in loose association with electron dense material. In contrast, strain MR-1 cells not exposed to U do not exhibit EPS or MV formation ( Figure 3 ). These cryo-TEM images suggest that U(VI) reduction results in the accumulation of U(IV) in association with the cell membrane as well as by the production of MVs that remove U from the cell surface and EPS onto which U(IV) accumulates.
Cryo-TEM of intact cells offered the best images of U association to EPS and MVs as 2D projections (Figure 1a) . Moreover, cryo-sectioned samples via cryo-electron microscopy of vitreous ice sections (CEMOVIS) predominantly showed U associated with fibrillar branches extracellular to cells that appear slightly deformed (Figure 1c,d) . It is likely that the fibrils observed in these sections have contributions from EPS-associated and MV-associated U product, but are indistinguishable due to limited z-direction information. Additionally, cell viability appeared unaffected by the presence of U under these conditions (Figure 4 ). [19] , this method can be used to determine the contribution of non-crystalline U(IV) to the total U(IV). By subtraction, the contribution of UO 2 can be inferred. MR-1 WT and ∆mxdA in WLP conditions produce primarily non-crystalline U(IV), as evidenced by the extraction of the majority of U(IV) present in this system. In contrast, MR-1 BP produces bio-UO 2 , which is about 50% non-crystalline U(IV) and 50% uraninite, as is reflected in the recovery of ~55% of the total U(IV) by extraction. . Viability studies. Due to the non-growth conditions, there is an inherent decrease in cell viability over time. Relative viability in the presence versus absence of U at 24 h is a rough metric of the impact of U reduction. Strain MR-1 producing uraninite (bio-UO 2 ) suffers more than a magnitude decrease in cell viability. Whereas cell viability of MR-1 producing non-crystalline U(IV) is roughly equivalent with and without U. ∆mxdA mutant producing non-crystalline U(IV) suffers loss of cellular viability to a lesser extent that the wild-type (WT) strain producing bio-UO 2 but more than WT strain producing non-crystalline U(IV). The data marked with an asterisk indicates that the difference between the treatments is significant based on a student's t test with a confidence interval of 0.05.
Extensive MV Generation in Biofilm-
EPS production was shown to be important in mitigating U toxicity [20] . The S. oneidensis deletion mutant strain ∆mxdA, in which the gene encoding for cyclic-di-GMP production is knocked out, is characterized by a loss of biofilm stability [42, 43] . Hence, we probed the formation of EPS and MV in this mutant strain. Cell aggregates were imaged using scanning transmission X-ray microscopy (STXM), a method that enables mapping of biomolecules (proteins, lipids, polysaccharides) based on * * * * their carbon K-edge X-ray absorption spectra. Tri-color maps representing the biomolecules show that EPS consisted of mostly polysaccharide structured into an amorphous pool encompassing several cells (Figure 5a ). Uranium, primarily in the form of non-crystalline U(IV) (Figure 2 ), co-localized with the cell bodies, not with the polysaccharide-rich and lipid-poor EPS (Figure 5b ). This was in stark contrast to U challenged wild-type (WT) cells that produced U co-localized with EPS consisting of a fibrillar lipid/polysaccharide network ( Figure S1 ) [20] . Most strikingly, when intact cells were observed by cryo-TEM, ∆mxdA produced copious amounts of MVs. U was observed associated with both the cell and the MVs (Figure 5c,d ). The cells appear to be significantly covered with U and, at the same time, numerous U-coated MVs are shed from the cell surface. Cell encrustation is apparent but not extensive and, as a result, it is still possible to visualize entire cells in cryo-transmission mode. Hence, U(IV) appears to associated with the cell membrane as well as MVs released from the cell. Cell viability was impacted by the presence of U under these conditions to a greater extent than for strain MR-1 under conditions producing non-crystalline U(IV) (Figure 4 ). In the case where strain MR-1 produces bio-UO 2 ( Figure 6 ), U was shown to accumulate primarily on the cell surface [16, 20] and this is exemplified by the heavy encrustation of the cells whereby electron dense U completely surrounds the cell and has potentially permeated into the periplasmic space, as evidenced in CEMOVIS images (Figure 6b,c) . No such encrustation is visible in cryo-TEM performed on intact cells due to the inability of the beam to penetrate through such regions and, thus, the selective exclusion of those cells from imaging. However, in lightly U-impacted cells, the presence of occasional MVs was visualized in association with whole cells (Figure 6d,e) . Additionally, on a single occasion, MV formation was visualized in a cryo-section (Figure 6c ). Finally, in some instances, electron dense U product was observed distant from the cell (Figure 6f ). While MVs were evidenced in these samples, by far the most common phenotypes observed by CEMOVIS were either discrete accumulations of UO 2 nanoparticles on the cell outer membrane or heavy encrustation of the outer membrane and, in some cases, the periplasmic space. In contrast to the two cases above, cell viability was severely inhibited in the presence of U (Figure 4 ). There was approximately an order of magnitude decrease in viability in the case where U was present. 
Discussion
In this work, we found a clear correlation between MV formation and exposure to U in S. oneidensis strain MR-1. In cells incubated in the absence of U, no evidence for MV formation was uncovered (Figure 3) , while in cells exposed to U, the contribution of MVs (although variable depending on the treatment) was always noticeable (Figures 1, 5 and 6 ). As was reported for Shewanella sp. strain CN32 and Shewanella sp. strain MR-1 [44] , the MVs produced are derived from blebs of the outer membrane and appear to be composed of a single bilayer corresponding to the outer membrane. The MVs vary in size from 50 nm to ~200 nm.
A previous study of MVs in Shewanella spp. has suggested their role in directly catalyzing metal reduction and precipitation but the specific mechanism triggering their release was not identified [44] . The authors speculated the possible function of freeing cells of Fe(II) accumulated during iron respiration but were unable to substantiate the claim.
In this work, we show that an additional role of membrane vesicles is in shedding parts of the membrane that are mineral-encrusted as a result of metal reduction. The cells have a mechanism for shedding outer membrane encrusted with U by blebbing off those portions of the membrane through the formation of vesicles. MV formation was observed in all three conditions considered: WT producing either non-crystalline U(IV) or bio-UO 2 as well as mutant ∆mxdA producing non-crystalline U(IV). We show that the greatest MV production occurs for the mutant. This is because the mutant is incubated in a medium (WLP, see materials and methods) that supports the synthesis of additional membrane components for MV release. This mutant is deficient in cyclic-di-GMP synthesis, resulting in an altered EPS composition ( Figure 5 ) in comparison to WT [20] . Due to this different EPS composition, U(VI) reduction does not take place primarily in the EPS as for the WT but rather on the cell surface. Thus, we propose that to maintain the viability of the cells (Figure 4 ) and avoid incrustation, vesicles are produced profusely and allow the removal of surface-accumulated U. The formation of vesicles appears to maintain viability to a greater extent than for cells producing uraninite. It may come as a surprise that non-crystalline U(IV) is formed in this case despite the association of U(IV) with the membrane, which typically leads to bio-UO 2 formation [20] . However, the formation of non-crystalline U(IV) is consistent with the association of U(IV) with phosphate groups on the membrane. We propose the following explanation: as vesicles are formed, additional phosphate functional groups are created on the newly formed membrane, allowing for further non-crystalline U(IV) formation. As long as the MVs are formed and provide additional phosphate functional groups that bind U(IV), UO 2 precipitation is precluded.
In comparison, the WT in the same medium, producing non-crystalline U(IV), generates comparatively fewer MVs. We attribute this difference to the preferential reduction of U(VI) in the EPS rather than on the cell surface [20] . As a result of the limited association of U(IV) with the cell membrane, there is limited need for the formation of MVs and this is reflected by microscopy ( Figure 1 ). As shown in Figure 1a , there is initial U(IV) association with the membrane in the form of tufts but this is quickly overtaken by the association of U with phosphate functional groups in EPS. MVs serve to alleviate toxicity associated with the association-albeit minimal-of U with the cell membrane.
Finally, the case in which WT is producing bio-UO 2 also shows limited MV formation. In this case, acute U toxicity is evidenced (Figure 4) . We propose that the medium in this case (composed solely of NaHCO 3 and PIPES buffer) does not support the formation of vesicles due to its paucity in building blocks for the synthesis of membrane components. The cells are in a metabolically precarious state and are not able to produce additional biomolecules. This explanation is supported by the lack of production of EPS in this case. The few MVs produced are not present in sufficient numbers to prevent the massive encrustation of S. oneidensis cells (Figure 6 ). Due to this unavoidable encrustation, cell viability decreases by an order of magnitude (Figure 4) .
Hence, MVs serve as a detoxification strategy for S. oneidensis cells when the physiological conditions allow for the synthesis of new biomolecules. This strategy appears to complement the production of EPS, that itself prevents U precipitation on the cell body [20] . This is the first time that MVs are implicated in metal detoxification and indeed the first time they are identified during microbial U(VI) reduction. This finding is probably due to the use of cryo-TEM, which allows fixation by flash freezing, preserving the samples intact in a frozen hydrated state. It is well established that cryo fixation is the most effective sample preparation to avoid artifacts originating from chemical fixation and dehydration [45] . We also avoided centrifugation, which has been suggested to artificially generate MVs. Incidentally, it may be possible to identify membrane vesicles using whole cells mounts as we identified MV-like features in an electron microscopy image in a publication investigating U(VI) reduction by pili-deficient Geobacter sulfurreducens [46] . The authors did not mention this observation in the text but the presence of MVs is quite evident in the case in which pili-less cells are exposed to U. This observation suggests that MV formation to combat incrustation may not be an exclusive characteristic of S. oneidensis and may be more widely distributed among metal reducing bacteria.
The production of membrane vesicles as a detoxification response to U toxicity is consistent with the results of a transcriptomic study considering U(VI) reduction by S. oneidensis sp. strain MR-1 [47] . In that study, the genes encoding for a spheroplast protein precursor and various outer membrane proteins were amongst the most upregulated in response to U, leading the authors to suggest membrane damage as a mode of U toxicity. At that time, no information on detoxification strategies was available. However, in retrospect, it is reasonable to assume that the production of membrane vesicles required the synthesis of a variety of outer membrane precursors and their upregulation is consistent with the need for further membrane synthesis.
Previous work has suggested that the surface of Shewanella sp. strain CN32 is composed of a heterogeneous distribution of functional groups resulting in non-uniform charge distribution [48] . Additionally, electrostatic force microscopy has shown that negatively charged zone about 50 nm in diameter are distributed on the cell surface corresponding to raised areas [49] . It is tempting to speculate that those areas correspond to the areas of c-type cytochrome localization, resulting in U accumulation and, ultimately, to blebs and, then, vesicles release.
Experimental Section
Bacterial Cultures and Uranium Reduction
All reagents in this study were certified analytical grade or higher, and ultrapure water was used to prepare solutions. Culturing and growth of Shewanella oneidensis MR-1 was conducted as described previously [16] and was carried out in the same manner for the ∆mxdA mutant [42, 43] . This mutant was engineered to knock-out the gene encoding for cyclic-di-GMP production and its main phenotype is a loss of biofilm stability. Hence, biofilm formation is disrupted but EPS production is impacted but not halted. Microbial U(VI) bioreduction was conducted under strict anaerobic conditions. Reactions were carried out inside butyl rubber stoppered serum bottles inside an anoxic chamber with an atmosphere of 2%-5% H 2 and a balance of N 2 . Reduction media were filter-sterilized and made anoxic through N 2 purging for several hours and allowed to equilibrate in the anoxic chamber for several days prior to the experiment. Biogenic UO 2 was preferentially produced in an anoxic simple medium (BP) containing 20 mM 1,4-piperazinediethanesulfonic acid (PIPES) buffer set to pH 6.8 and 30 mM sodium bicarbonate. Monomeric U(IV) was preferentially produced in anoxic Widdel low phosphate (WLP) medium [16] . To initiate U(VI) reduction, 20 mM L(+)-lactic acid and 0.4 mM uranyl acetate were added to each cell suspension [19] .
Cryo-Sections (CEMOVIS)
For CEMOVIS, samples were supplemented with 20% dextran (average molecular mass 40 kDa; Sigma-Aldrich, Buchs, Switzerland). They were then introduced into copper tubes and pressure frozen with an EM PACT high-pressure freezer (Leica, Vienna, Austria). Tubes were then mounted in an FC6/UC6 cryo-ultramicrotome (Leica) and trimmed with a cryotrim 45 diamond knife (Diatome, Bienne, Switzerland) to a pyramidal shape as previously described [50] . Sixty-five nanometer feed cryosections were cut with a 35° diamond knife (Diatome). They were collected on Quantifoil 1.2/1.3 grids and stored in liquid nitrogen until imaging. Grids were transferred to a cryoholder (Gatan, Pleasanton, PA, USA) and inserted into a CM12 (FEI, Eindhoven, The Netherlands) equipped with a LaB6 cathode, cryo-transfer stage and imaged with an acceleration voltage of 100 kV. Images were recorded on a Gatan 1 k × 1 k CCD camera (Gatan).
2D and 3D Cryo-TEM
For cryo-TEM images and tomographic tilt series, aliquots of 5 µL of sample were loaded onto lacey carbon grids (Cat No. 01881, Ted Pella, Redding, CA, USA) that were pretreated by glow-discharge. The Formvar support was not removed from the lacey carbon. The grids were manually blotted with filter paper and plunged into liquid ethane at near liquid nitrogen temperature using a portable cryo-plunge device [39] . Grids were stored in liquid nitrogen until further analysis. Images were acquired on a JEOL-3100 transmission electron microscope equipped with a FEG electron source operating at 300 kV, an Omega energy filter, a cryo-transfer stage, and a Gatan 795 2 k × 2 k CCD camera (Gatan) mounted at the exit of an electron decelerator held at a voltage of 200 to 250 kV [42] . The stage was cooled with liquid nitrogen to 80 K during acquisition of all data sets. Images were recorded at different magnifications giving a pixel size of 0.375, 0.28, or 0.12 nm at the specimen. Underfocus values ranged between 3.6 ± 0.25 µm to 12 ± 0.5 µm, and energy filter widths were typically around 30 eV. More than 200 images (2D projections) were acquired. The survey of the grids and the selection of suitable targets were done in low dose defocused diffraction mode. Ten tomographic tilt series were acquired under low-dose conditions, typically over an angular range between +65° and −65°, ±5° with increments of 2° and a pixel size of 0.375 nm at the specimen.
Between 62 and 70 images were recorded for each tilt series, acquired semi-automatically with the program Serial-EM [51] adapted to JEOL microscopes. All tomographic reconstructions were obtained with the program Imod [51, 52] . The typical doses used per complete tilt series were ~100 to 140 e − Å −2 .
The program ImageJ (NIH, [53] ) was used for analysis of the 2D image projections.
Scanning Transmission X-Ray Microscopy (STXM)
Biomolecules were mapped and co-localized with uranium maps in our sample using STXM stacks at the carbon K-edge and uranium 4d 5/2 edge respectively. Samples were prepared as described previously [20] . Carbon reference spectra of albumin (protein), dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (lipid), and alginic acid (polysaccharide) were recorded along the C K-edge (280-300 eV) ( Figure S2 ). The uranium reference spectrum was collected along its 4d 5/2 edges (720-780 eV), catching both peaks in that range ( Figure S3 ). All the spectra were normalized to an optical density (OD) corresponding to a 1-nm layer. Uranium localization maps were obtained by subtracting the aligned below edge (725 eV) image from the above edge (738 eV) image. STXM data collection was conducted on the STXM end station 11.0.2.2 of the Molecular Environmental Science beam line 11.0.2 at the Advanced Light Source (ALS). Acquired image stacks were processed using the aXis 2000 software [54] package as previously described.
Bicarbonate Extraction Method
Extraction of non-crystalline U(IV) was performed by treating samples with anoxic 1.0 M sodium bicarbonate solution, pH 8.7. Cells were centrifuged for 10 min at 10,000 g. Supernatant was removed and centrifuged pellets were suspended in small volumes of BP medium to create concentrated stock cell slurry solutions. The slurries were diluted to OD 600 = 1. To monitor non-crystalline U(IV) extraction kinetics, 1 mL samples were taken periodically and filtered through 0.2 µm membranes. Filtrate was diluted into 4.5 mL oxic 1.0 M HNO 3 and analyzed using inductively coupled plasma optical emission spectrometry (ICP-OES) to quantify extracted U [19] .
Conclusions
In summary, we have uncovered a novel microbial strategy to combat encrustation resulting from metal reduction. Membrane vesicles, a phenomenon that has been often observed by electron microscopy, has been identified as a strategy to rid the cell of minerals encrusted on its surface. This finding provides an important clue to microbial approaches for dealing with uncontrolled biomineralization. This is a question that has been raised for decades but, in the case of metal-reducing bacteria, did not find a suitable explanation until now. EPS formation remains an additional strategy to MV formation. Based on our results, the two tacks appear to be unrelated as one or the other dominates depending on the circumstance. Future work should focus on the conditions that favor MV vs. EPS formation in the environment for the prevention of bacterial encrustation in minerals.
